Abstract: Catechol-O-methyltransferase (COMT) is a gene involved in the degradation of dopamine and may both increase susceptibility to develop schizophrenia and affect neuronal functions involved in working memory. A common variant of the COMT gene (val 108/158 met) has been widely reported to affect prefrontally mediated working memory function, with the high-activity val allele associated with poorest performance across a number of tests sensitive to updating and target detection. Pharmacological manipulations of COMT val 108/158 met also have reliably produced alterations in cognitive function, in line with an inverted U function of prefrontal dopamine signaling. Furthermore, there is accumulating evidence that COMT val 108/158 met genotype may influence the cognitive response to antipsychotic treatment in schizophrenia patients, with met allele load predicting the greatest improvement with medication. Recently, other single-nucleotide polymorphisms (SNPs) across the COMT gene have emerged as possible risk alleles for schizophrenia, although little is known about whether they affect prefrontal cognition in a manner similar to COMT val 108/158 met. Preliminary evidence suggests a modest role for a SNP in the 5= region of the gene on select tests of attention and target detection. Haplotype effects also may account for a modest percentage of the variance in test performance, and are an important area for future study.
INTRODUCTION
Working memory dysfunction is widely considered a cardinal feature of schizophrenia 1,2 and appears to be a heritable phenotype related to risk for developing the disorder. [3] [4] [5] [6] [7] [8] One gene that affects neuronal functions involved in working memory, and may be a potential susceptibility gene to develop schizophrenia, is catechol-O-methyltransferase (COMT), a methylation enzyme that converts dopamine to inactive 3-methoxytyramine. 9, 10 COMT exists in both membrane-bound (MB) and soluble (S) forms, which differ by a 50-amino acid signal anchor in the MB form. S-COMT predominates in peripheral human tissue, whereas MB-COMT is expressed primarily in the brain. 9, 11 Although MB-COMT is expressed throughout the brain, its functional effects appear regionally specific. It is expressed primarily in neurons and appears more abundant in prefrontal cortex and hippocampus than in striatum or brainstem dopamine neurons. 12 In fact, pharmacological studies have demonstrated that the catabolic flux of synaptic dopamine through the COMT pathway exceeds 60% in the prefrontal cortex, compared with only 15% in the striatum. 13 The seemingly selective effect of COMT on dopamine signaling in prefrontal regions does not reflect the distribution of COMT per se, but rather, the relative low abundance of synaptic dopamine transporters found in prefrontal cortex, which are critically involved in the inactivation of synaptic dopamine in striatum.
14 Consistent with this, studies of COMT knockout mice have demonstrated increased dopamine levels only in the prefrontal cortex, in addition to enhanced memory function. sus, 20 -22 several family-based studies suggest preferential transmission of the val allele in schizophrenia. 8, [23] [24] [25] Furthermore, this polymorphism putatively affects dopamine-regulated prefrontal cortical activity during working memory tasks. 8,26 -32 The hypothesis is that COMT is important in the modulation of prefrontal dopamine, and the high-activity val form of the allele, results in hypodopaminergia, increasing both risk for schizophrenia and impairments in prefrontally mediated working memory functions.
EFFECTS ON PREFRONTAL COGNITION
In only a relatively few years, a number of studies have reported that the COMT val 108/158 met polymorphism affects working memory function. For example, our group previously reported that this genotype predicts performance on two different tests of working memory/ executive function [the Wisconsin Card Sorting Test (WCST) and N-BACK], with the high-activity val allele being associated with poorest performance. 8, 28 These effects were observed independent of psychiatric diagnosis, and genotype was not associated with IQ or other nonprefrontally mediated cognitive tasks. Egan et al. 8 reported that ϳ4% of the variance in perseverative errors on the WCST was explained by COMT val 108/158 met genotype. Furthermore, val allele loading predicted reduced efficiency of the dorsolateral prefrontal cortex during the N-BACK working memory task using functional magnetic resonance imaging (fMRI). 28 Specifically, met allele load predicted a more efficient physiological response (less BOLD activation) in prefrontal cortex in the 2-BACK condition of the task.
Goldberg and colleagues
28 used the N-BACK task to examine the effect of COMT val 108/158 met and genetic risk for schizophrenia on load, delay, and updating subprocesses of working memory. Results revealed similar effects of COMT val 108/158 met genotype on 1-and 2-BACK accuracy and reaction time, with val homozygotes performing most poorly and met homozygotes performing the best. Given the lack of differential effects across the two levels of the task, the authors concluded that COMT val 108/158 met genotype specifically affects information updating and ordering in the face of competing stimuli, reflected in demands for continuous selection and deselection of targets that are common to both the 1-BACK and 2-BACK.
There have been several independent replications of these findings. For example, Malhotra and colleagues 30 administered the WCST to 73 healthy volunteers and reported that met homozygotes committed significantly fewer perseverative errors than val allele carriers. 29, 32 Additionally, Gallinat et al. 27 reported that an event related potential (ERP) during a P300 "oddball" task was affected by COMT val 108/158 met, with amplitude in frontal regions lower in met homozygotes than val carriers, consistent with the notion that the met allele is associated with less prefrontal physiological noise. A larger EEG study by Winterer et al. 33 found again that COMT val alleles predicted poorer signal to noise in prefrontal cortex during the P300 evoked response, and the odds ratio of this effect in male subjects was 3:4. Furthermore, a recent study examined the effect of the genotype on prefrontally mediated cognition in healthy children and reported that the val allele was associated with impaired performance on a "spatial" Stroop task requiring working memory and inhibition. 34 Bilder and colleagues 26 studied the effects of COMT val 108/158 met in 58 chronic schizophrenic patients, on a set of 15 neuropsychological tests, reduced to four cognitive domain scores. Results revealed that the met allele was associated with superior performance in the domain of attention and processing speed, raising the possibility that COMT genotype may be associated with a somewhat broader range of cognitive functions than simply working memory.
We recently examined the effect of COMT genotype on a broad range of working memory/executive function tests, in a large sample of schizophrenic probands (n ϭ 325), their nonpsychotic siblings (n ϭ 359), and normal control subjects (n ϭ 330). 35 We replicated and extended our earlier report of a COMT val 108/158 met genotype effect on working memory function 28 because individuals with two copies of the val allele performed most poorly on the N-BACK working memory test, irrespective of psychiatric diagnosis. Met homozygotes demonstrated the best performance on the task, and heterozygotes performed intermediately between the other two groups (FIG. 2) . Once again, we failed to see a COMT/ diagnosis interaction on any condition of the N-BACK, in the face of a significant COMT effect, which suggests that normal controls, siblings, and probands were more or less equally affected by COMT val 108/158 met. The fact that the three diagnostic groups were affected in a near linear manner in this, and our earlier studies, 28 supports the notion of an additive genetic model in which allele loading influences working memory in a similar manner, irrespective of an individual's specific background.
However, in contrast with our previous findings, we found a significant COMT val 108/158 met genotype effect on 0-BACK performance in our recent study. Additionally, we found a significant COMT val 108/158 met effect on performance on the Distractibility portion of the Continuous Performance Test (CPT) (FIG. 3) , which we did not report previously with our smaller sample. 28 Both the 0-BACK and the CPT place demands on attention, vigilance, and encoding in the service of target detection, and results of an exploratory factor analysis indicated that both load on the same factor (and presumably share similar underlying cognitive mechanisms). To consider these results further, we developed a novel attention regulation task that involved selective attention to increasingly complex global or local elements of a figure and control of interfering contingencies, and found that COMT val 108/158 met genotype predicted performance on this task and efficiency of the cingulate cortex response measured with fMRI. 36 Again, the val allele was associated with more errors on the high-load version of the task, and greater cingulate cortex engagement. Our results are at least partially consistent with those of Bilder et al. 26 and suggest that COMT val 108/158 met exerts an effect even on these attentional control or target detection functions, raising the possibility that the genotype may be responsible for a broader category of cognition than was previously thought. Certainly, there is evidence supporting a role for dopamine in attention and target detection tasks. [37] [38] [39] Our recent study also served to extend the results of our previous work by reporting an apparently diseasespecific COMT val 108/158 met effect on a componential test of attentional set-shifting, the Intradimensional/Extradimensional (ID/ED) task. We found a significant COMT/diagnosis interaction on two of the three ID/ED measures examined. Probands with two copies of the val allele committed substantially more errors at a relatively early stage of the test (the Compound Discrimination 
FIG. 2. Percent correct on the 2-BACK working memory task, as a function of COMT val
108/158 met genotype in schizophrenic patients, their siblings, and healthy control subjects.
stage) than probands with one or no copies of the allele (FIG. 4) . Distracting and irrelevant stimuli are introduced at this stage, and subjects must ignore stimuli from the novel dimension and continue to respond to the previously rewarded stimulus. Our results are consistent with those of Crofts et al., 37 who reported significant deficits at a similar stage of acquiring a series of compound visual discriminations in marmosets with catecholamine depletions in the frontal cortex. The fact that we saw substantial group effects at this stage also is consistent with our earlier reports of a differential deficit among probands at this stage of the task. 40 We also found a COMT/diagnosis interaction at a later, more complex stage of the task (the Intradimensional Shift stage), which suggests probands with two copies of the val allele were significantly less able to discern the conceptual category within which they were responding. A deficit in Intradimensional Shifting represents an impairment in the ability to generalize a discrimination learned for a particular set of exemplars to another set from the same category in the face of newly salient distractors. One could argue that this type of rule learning requires the updating and ordering of information in the face of competing stimuli, akin to the sort of cognitive operation required to perform the N-BACK. Our recent results therefore raise the possibility that COMT val 108/158 met genotype affects both updating or rule learning during interference-laden contexts (ID/ED, N-BACK) and attentional control (CPT, 0-BACK), with inheritance of the val allele associated with poorest performance. However, these findings of significant COMT/diagnosis interactions on the ID/ED task must be tempered by the fact that they may reflect a ceiling effect in the healthy control and sibling groups.
Although we found a significant group effect at the Extradimensional Shift stage of the ID/ED task, we failed to see a COMT/diagnosis interaction, which was unexpected, given that Extradimensional Shifting is the core component of the WCST, and is the basis for achieving novel sorting categories. 40 We, and others, have previously reported a significant COMT val 108/158 met effect on WCST performance, 28 ,30,41 so we expected to replicate this result in our recent study. However, we failed to see a significant COMT effect or COMT/diagnosis interaction for the WCST. These findings, using a substantially larger sample than in our previous study, argue that the WCST may not be the ideal task to examine COMT effects on prefrontal working memory function-rather, the Compound Discrimination and Intradimensional Shift stages of the ID/ED task may be more sensitive measures to detect the specific cognitive operations influenced by COMT val 108/158 met genotype. Finally, consistent with our previous work, 28 we failed to see a COMT val 108/158 met genotype effect on intelligence, as assessed by the four-subtest version of the Wechsler Adult Intelligence Scale-Revised (WAIS-R). Arguably, certain subtests of the WAIS-R (e.g., Arithmetic) make limited demands on attention and working memory, yet these demands were presumably insufficient to observe a COMT effect, despite a considerably larger sample size than our previous study. This relative specificity for prefrontal cognition is consistent with basic animal research 15 showing that, although COMT is expressed throughout much of anterior cortex, its function appears especially relevant for prefrontal dopaminergic signaling.
NEGATIVE FINDINGS
In summary, these findings support the contention that COMT val 108/158 met genotype influences prefrontally mediated working memory/executive function, with inheritance of two copies of the val allele most detrimental to performance. Nevertheless, results from other studies have not been uniformly positive. For example, Tsai and colleagues 41 reported no association between COMT val 108/158 met genotype and performance on the WCST, and Stefanis et al. 42 found no relationship between COMT val 108/158 met and performance on either the CPT or N-BACK tasks in normal subjects. More recently, Ho and colleagues 43 reported no significant COMT val 108/158 met genotype or COMT/diagnosis effects on select tests of working memory, including the WCST and backward digit span. Further research is likely required to resolve these discrepant findings. However, the methodological differences between studies may, at least in part, explain some of the discrepancies. In terms of subject variables, both the Tsai et al. 41 and Stefanis et al. 42 studies used relatively ho- mogeneous populations (young Chinese women and young Greek men, respectively), and the frequency distribution of the met allele in the Tsai et al. 41 study was atypical for Caucasion American subjects, possibly resulting in lack of power to detect differences. Ho et al. 43 tested young, mildly impaired patients who were early in the course of their illness (35% who were neuroleptic naive). Some proportion of variability between studies may also be attributable to differences in the cognitive tasks used. For example, a number of different versions of the N-BACK exist, and differ both in complexity of task demands, and response requirements. Our version of the N-BACK places significant demands upon maintenance and updating (like other versions of the N-BACK), yet additionally requires a constant response to every stimulus displayed. From their description, it is unclear which version of the N-BACK that Stefanis and colleagues 42 used. Of note, both Tsai et al. 41 and Ho et al. 43 reported no effect of COMT genotype on WCST performance, as did we, again arguing that this may not be the optimal indicator of working memory function to use in genetic association studies.
Others have argued that inconsistent findings between studies are attributable to task differences in terms of tonic and phasic dopamine signaling. This position holds that the low activity met allele is of benefit during tasks of cognitive stability requiring tonic dopamine activation, but detrimental on tasks of cognitive flexibility requiring phasic activation. 44, 45 For example, Stefanis and colleagues 45 recently reported that met genotype loading was associated with reduced variability in reaction time on a continuous performance test, suggesting greater performance stability. Whereas val and met alleles appear to vary in terms of the tasks that they advantage, it is highly speculative whether these differences can be explained by differential effects of phasic or tonic dopamine signaling.
PHARMACOLOGICAL MANIPULATION
Pharmacological manipulations of COMT also have reliably produced alterations in cognitive function. For example, Mattay et al. 31 reported that, in val homozygotes, amphetamine enhanced the efficiency of prefrontal cortical function during a working memory task, assayed with fMRI. In contrast, met homozygotes (who tended to have superior baseline prefrontal function) demonstrated no amphetamine effect at low-to-moderate working memory loads, but a deterioration in cortical efficiency at high working memory loads. These data are consistent with accumulating evidence favoring an inverted U functional-response curve to increasing dopamine signaling in the prefrontal cortex. 46, 47 The COMT inhibitor tolcapone also has been associated with improvements in working memory function, in both humans 48, 49 and rats. 50, 51 Although tolcapone appears primarily to affect peripheral COMT, it does penetrate the blood-brain barrier 52 and inhibits brain COMT activity in vivo. 53, 54 In rodent behavioral studies, administration of tolcapone after pretraining facilitated spatial working memory performance. 50, 51 Furthermore, Gasparini and colleagues 49 assessed the effect of tolcapone on cognitive function in eight patients with advanced Parkinson's disease, and reported that over a 6-month period, patients significantly improved on measures of attention, verbal short-term memory, visuospatial recall, constructional praxia, and motor symptoms. Interestingly, this drug had not been studied in healthy individuals as a cognitive-enhancing agent. To address this, we recently examined whether tolcapone would improve working memory/executive function in normal control subjects. 55 Specifically, we predicted that increased prefrontal efficiency associated with tolcapone would be most pronounced in val homozygotes, with likely a worsening in met homozygotes, in line with the proposed inverted U function of prefrontal dopamine signaling. 46 In a double-blind, placebo-controlled crossover study, 47 healthy controls (including 15 val homozygotes and 11 met homozygotes) were administered 200 mg of tolcapone or placebo three times a day for 7 days. 55 Each subject completed a battery of tests sensitive to prefrontal cognitive function, at the conclusion of each arm of the protocol. In the main, results obtained supported our hypotheses. Significant and near-significant drug effects were found on two tests of working memory (TrailMaking Part B and N-BACK). Additionally, we found significant tolcapone/COMT interactions on a test of episodic memory, and the later Intradimensional Shift stage of the ID/ED task. These interactions were characterized by improved performance for val homozygotes on tolcapone, yet worsening performance for met homozygotes on tolcapone. Several other tests thought to engage prefrontal circuitry did not demonstrate these effects, including the WCST, letter-number sequencing, and verbal fluency. Nevertheless, the results suggest that COMT val 108/158 met genotype may predict the normal human cognitive response to COMT inhibition. Tolcapone in particular may prove to be a valuable tool for improving prefrontal function in individuals homozygous for the val allele.
RESPONSE TO ANTIPSYCHOTICS
There is mounting evidence that COMT val 108/158 met genotype may influence the cognitive response to antipsychotic medications in schizophrenic patients. 56 -59 Recently, Bertolino et al. 57 reported that the genotype predicts working memory performance and activation of the dorsolateral prefrontal cortex in a group of schizo-phrenic patients after 8 weeks of olanzapine treatment. Specifically, met allele load predicted improvement in prefrontal physiology, and on the N-BACK working memory task, as assessed with fMRI. Val homozygotes demonstrated no such improvement. Weickert et al. 58 reported remarkably similar findings in their examination of the association between COMT val 108/158 met genotype and cognitive response to antipsychotic medications in patients with schizophrenia. Twenty inpatients were administered a battery of cognitive tasks, once after 4 weeks of antipsychotic medication, and once after 4 weeks of placebo administration, in a counterbalanced, double-blind, within-subject design. Results revealed significant post-treatment gains in working memory for met homozygotes only. Specifically, met homozygotes displayed enhanced N-BACK performance during administration of antipsychotic medication relative to their own performance during the placebo control period. In contrast, val homozygotes demonstrated no such improvement and performed significantly more poorly than met homozygotes. The observed effects appeared independent of specific antipsychotic medications.
OTHER COMT SINGLE-NUCLEOTIDE POLYMORPHISMS
Recently, other single-nucleotide polymorphisms (SNPs) across the COMT gene have emerged as possible alleles that increase risk for schizophrenia, including rs737865 (located in intron 1), rs165599 (located in the 3= flanking region), and rs2097603 (in the P2 promoter region) 60 -63 ( see FIG. 1 ). For example, Shifman and colleagues 63 tested several SNPs and haplotypes in the COMT gene and reported that two common SNPs, one upstream (rs737865) and the other in or near the 3= untranslated region (rs165599), were associated with schizophrenia in a large sample of Israeli Ashkenasi Jews. They reported that, although COMT val 108/158 met bears only a modest risk effect on schizophrenia, haplotypes containing either or both of these other risk alleles in combination with val 108/158 met contribute significantly to disease risk, especially in women. The G/G allele appeared most associated with risk to develop schizophrenia. Li et al. 64 examined seven SNP markers in 198 family trios from Southwest China, and reported nonsignificant preferential transmission of the rs2097603 A allele in schizophrenia. At present, the influence of these specific SNPs on COMT enzyme activity, prefrontal cortical activity and cognitive function, is not well understood. A recent study by Chen et al. 18 reported that rs737865, and rs165599, had little or no effect on COMT mRNA expression levels, protein immunoreactivity, or enzyme activity in postmortem human prefrontal cortical tissue, arguing a lack of functionality of these SNPs, but evidence of effects of val 108/158 met and rs2097603 enzyme activity were found. However, to our knowledge, no one has yet examined in a large group of probands, siblings, and healthy controls whether these SNPs affect working memory/executive function in a manner similar to COMT val 108/158 met. We recently addressed this, using the same large sample of probands, siblings, and controls as was described above.
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RS737865 (5= REGION)
Because rs737865 is in linkage disequilibrium with rs4680 (COMT val 108/158 met), analyses were conducted for rs737865 against COMT val 108/158 met homozygote backgrounds. Overall, findings from this SNP were far less compelling than we reported for COMT val 108/158 met. For example, in contrast to the findings with COMT val 108/158 met, an effect of rs737865 genotype was seen only on 0-BACK performance, and only when analyzed against a met-met background. Similarly, main effects of rs737865 were seen on both subtests of the CPT and at the early Compound Discrimination stage of the ID/ED task, but only against a met-met background. The only test on which a main effect of rs737865 genotype, and a COMT/diagnosis interaction, was observed against both COMT val-met homozygote backgrounds was the Distractibility portion of the CPT. (Interestingly, the observed effects for these tests were in the expected direction, with probands homozygous for the G allele performing most poorly overall).
The fact that the majority of significant findings with this SNP were observed against one homozygote background, but not the other, could be interpreted in a number of different ways. One interpretation is that this represents the effects of a haplotype. Another view is that the two homozygote backgrounds should be considered as two independent samples, such that one result is a cross-validation of the other (given that the same individuals cannot be included in both analyses). The fact that we failed to see such a cross-validation on the majority of tests with rs737865 would tend to argue against the reliability of these findings. The other, most conservative position, would be that our findings are spurious, and simply the result of multiple comparisons within the data. The correct interpretation of these findings will most likely have to await the results of further studies.
RS165599 (3= REGION) AND RS2097603 (P2 PROMOTER REGION)
We failed to see any significant COMT main effects on working memory/executive function for either the rs165599 or rs2097603 SNPs, aside from a main effect of rs165599 on later Intradimensional Shift errors on the ID/ED task, against a met homozygote background only. These results contrast with a very small study of Chinese patients recently conducted by Chan and colleagues, 65 in which more pronounced memory and executive function deficits were seen in patients with the rs165599 G/G genotype. Again, further studies, using large samples, will need to address this apparent discrepancy. We did find an interaction effect of rs2097603 and diagnosis on both subtests of the CPT, with the A/A allele appearing most disadvantageous for probands. Interestingly, the A allele was reported in one study to be (nonsignificantly) preferentially transmitted in schizophrenia. 64 Significant interactions between genotype and gender were also noted for various tests, as were complex three-way interactions, but the small sample size in some cells rendered interpretation of these results difficult.
Interestingly, and in support of our recent findings, Weickert et al. 58 reported no effect of rs737865, rs165599, or rs2097603 on working memory function in a small sample of probands when on versus off neuroleptic medication. The possibility still exists, however, that these SNPs do affect working memory function, but our very small cell sizes for some critical analyses may have resulted in insufficient power to detect differences.
HAPLOTYPE EFFECTS
It is important to note that some of the previously reported effects of COMT genotype on cognition may have been subtly impacted by expression differences due to promoter SNPs. Therefore, we recently examined the effect of the P2 promoter/ val 108/158 met haplotype on prefrontally mediated cognitive function, 35 finding that results were in the expected direction on select tests that have reliably been found to be sensitive to COMT effects (e.g., 1-BACK) (FIG. 5) , but not on other tests (e.g., WCST). On this basis, we concluded that haplotype effects likely account for a modest percentage of the variance in test performance (less than 1%) after COMT val 108/158 met genotype effects have been explained.
Shifman et al. 63 argued that COMT val 108/158 met alone bore only a minor, if any, effect on schizophrenia risk but may have accorded greater risk when correlated with rs737865, which has a significant effect on schizophrenia susceptibility. Their findings further argued that COMT shows a stronger association with schizophrenia in females, with rs165599 affecting primarily women, and rs737865 affecting both genders, but in different ways. Our recent findings certainly illustrated complex interactions between COMT genotype and gender on some tests, and are open to several different interpretations. In general, however, we did not find strong evidence favoring the notion that females demonstrate greater sensitivity to COMT than their male counterparts. 35 In conclusion, findings from our group and others demonstrate that COMT val 108/158 met genotype affects prefrontally mediated working memory function, specifically updating and attentional set-shifting in the face of interference. Inheritance of two copies of the val allele appears most disadvantageous to task performance. We also found modest support for an effect of rs737865 genotype on select tests of attention and target detection, with the G/G allele most disadvantageous to performance. However, we found virtually no evidence for a COMT effect on working memory in two other SNPs across the COMT gene, suggesting that, although these SNPs may increase susceptibility to develop schizophrenia, they do not appear to contribute to working memory/ executive dysfunction to the same extent as COMT val 108/158 met.
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CONCLUSIONS
There is now considerable evidence that a common variant in the COMT gene (val 108/158 met) accounts for significant variance in prefrontally mediated cognitive function, specifically on tests of target detection and updating. Pharmacological manipulations of COMT also have reliably been associated with alterations in prefrontally mediated cognitive function, and the genotype also may influence the cognitive response to antipsychotic medications in schizophrenic patients. Preliminary evidence also suggests a modest role for another SNP in the COMT gene (rs737865) on select tests of attention and target detection. Results reviewed here reveal that COMT not only plays a role in susceptibility for schizophrenia, but also delineates a relationship between an intermediate phenotype (working memory dysfunction) and a related genotype. 
